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Non-specular  reflection  from  solid  plates 
and  half-spaces 


L.E.  PITTS  and  W.G.  MAYER 


Recent  theoretical  developments  for  the  reflection  effects  seen  for  an  ultrasonic  bounded 
beam  reflected  from  a solid  surface  are  presented  and  a discussion  of  the  implications  of 
these  developments  is  related  to  the  case  of  reflection  from  infinite  half-spaces  and  solid 
plates. 


Introduction 

Ultrasonic  beams  have  been  used  in  the  areas  of  ultrasonic 
testir.);  and  measurement  for  many  years.  However,  a unified 
theoretical  description  of  the  teflection  of  ultrasonic  beams 
from  solid  surfaces  in  a liquid  medium  is  a relatively  recent 
development.' Theorelical  results  presented'’’  indicate 
that  a new  perspective  Is  necessary  when  discussing  the 
reflection  effects  from  solid  surfaces,  (n  particular,  the  18.711- 
ficalions  of  usinp,  a thick  solid  plate  to  represent  an  infinite 
half-space  remains  somewhat  clouded  by  the  new  experimen- 
tal and  theoretical  results  duting  the  past  several  years.  This 
paper  is  meant  to  be  a descriptive  commentary  on  the 
assumptions  about  the  different  effects  encountered  when 
using  'thick*  solid  plates  a:  opposed  to  the  effects  seen  from 
'thi.i'  solid  plates  for  the  reflection  of  an  ultrasonic  beam 
vvhich  U incident  from  a liquid  medium. 


The  beam  reflection  mechanism 

A theoretical  analysis  of  a reflected  sound  beam  can  be 
accomplished  by  employing  Fourier  transforrru'’*  to  ahow 
that  an  incident  bounded  beam  is  mathenutically  equivalent 
to  a sum  of  infinite  plane  waves  of  Identical  frequency  but 
with  different  amplitudes  and  at  different  incident  angles. 
Thus,  the  incident  beam  is  a superposition  of  these  infinite 
plane  waves.  Therefore,  the  reflected  sound  rield,  for  a beam 
incident  on  a solid  piate,  it  a sum  over  each  of  the  constituent 
reflected  infinite  plane  waves,  where  the  amplitude  and  p 
phase  ciumge  of  each  plane  wave  is  given  by  the  plane  wave 
amplitude  reflection  coefficient,  lire  amplitude  profile  of 
the  reflected  sound  fleld  is  determined  by  the  superposition 
of  the  reflected  infinite  plane  wr.ves. 

Since  most  ultrasonic  transducers  produce  beams  with  an 
approximately  Gaussian  profile  (tpacial  dependence  of  the 
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pressure),  it  will  be  assumed  throughout  that  the  incident 
sound  beam  is  Gaussian.  If  the  surface  of  reflection  is  taken 
as  the  x-y  plane,  and  the  beam  is  incident  with  a wave  vector 
in  the  jc-z  plane,  the  incident  particle  d'tplacement,  Uf  in 
normalized  form,  can  be  taken  to  be  of  the  form 

Ui(x,z)  = txp\—{xcoi9t/W  ztinBilwy  + 

ixki  + IzAii  — i(o/|  (1) 

where  0^  is  the  incident  angle  of  the  beam,  W is  one-half  the 
beam  width  and  k is  the  incident  wave  vector.  Other  variables 
in  (1)  are  (o,  the  angular  frequency,  and  fci  = y/{k^  — kj), 
where  il:^  = /(  sin  By  employing  the  Fourier  traruform, 
an  alternative  relationship  for  the  incident  beam  is 

i)  = (1/27T)  f V (*,)  X 


exp  1 i (xfc;,  + zkf)  — iwf  j dA:,  (2) 

where  k]  = k}  —k\  and 

= J l//(x,0)  expl-bcA:, -iwri  djc  (3) 

• •% 

Employing  the  deiinition  of  in  (1),  V^k^)  becomes 
B'/cos8j)  X 

exp  I - (*r  - A.*)’  (WI2  cos  9 if  1 (4) 

Thus,  V (kg)  can  be  interpreted  as  the  amplitude  of  an 
incident  infinite  plane  wave,  incident  from  the  angle  9, 
where  kx  = kin0. 

Hence,  tlie  reflected  sound  profile  can  be  defined  by  tumming 
over  all  of  the  individual  infmite  plane  waves  by  using  the 
reflection  coefficient  of  infinite  plane  waves,  71  (Aji).  Thus, 
the  reflected  sound  fleld  it  given  by 
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Fig.  1 Schtmatic  diagram  of  tvpical  nun  ftpKuiar  rtflection  from 
L solid  plate  in  a liquid.  The  length  of  arroiMv  is  appruMirnalely  pro 
portiunal  to  sound  Intensities.  (After  Ref.  3) 


{/«(x.r)  = (l/2n)  j K(k^)  y(k,)  x 

exp  li  (x*j(  — xk,)  — itj/|  dkj^  (S) 

At  the  surface  of  the  interface,  z = 0,  the  above  equation 
reduces  la 

V^x.O)  - (l/2rr)  I /?(*J  X 

exp  1 - iwf  I dki;  (6) 

Thus,  the  reflected  sound  field  can  be  found  if  the  plane 
wave  reflection  coefficient  is  known. 

It  has  been  noted  experinientatly  that  an  ulttasonlc  beam 
[cflected  from  a solid  interface  undergoes  a noit-spccular 
reflection  when  the  beam  is  incident  at  certain  angles. 

Fig.  I shows  schematically  the  central  features  of  the 
reflected  sound  field  fur  one  of  these  non-specular  reflec- 
tions. The  length  of  the  arrows  i i the  figure  corresponds  to 
the  sound  intensity  levels.  The  eftccted  sound  field  has 
three  significant  features:  (I)  'tic  presence  of  a null  intensity 
point  not  found  in  the  incident  beam,  (2)  a lateral  displace- 
ment of  the  main  portion  of  the  reflected  beam  along  the 
Interface  of  the  boundary  and  (3)  the  presence  of  what  will 
be  called  the  ‘trailing  sound  field’.  The  dashed  line  in  the 
figure  shows  a specularly  reflected  beam. 

The  physical  mechanism  for  the  non-specular  reflection  can 
be  analysed  by  consideiing  the  form  of  Ur^x.O),  given  by 
(6).  The  term  acts  as  a damping  factor  in  the  integral 

such  that  the  integrand  is  appreciably  large  only  when 
y(.kx),  a Gaussian  function  given  in  (4),  is  large.  Thus  the 
integration  is  effectively  completed  over  only  a small  region 
of  kji  values  when  Si  ki-  The  other  important  factor  in 
the  integrajid  is  the  reflection  coeffleient.  Klkji).  It  can  be 
sliown  that  for  any  set  of  solid  and  liquid  materials,  the 
reflertion  coefficient  can  be  written  in  terms  of  only  two 
variables:"  the  sine  of  the  incident  angle,  sin  0,  and  the  pro- 
duct of  the  frequency  and  the  thickness  of  the  plate, /d. 

Fig.  2 shows  a typical  reflection  coefficient  for  a brass  plate 
in  water  for  wtilch  Uie/<f  parameter  is  6 Mllz  nun.  The  non- 


specular  reflections  occur  when  the  Gaussiiin  beam  is  incident 
such  that  sin  0/  (and  thus  the  function  y (k^)  is  appreciably 
targe)  is  near  a point  where  the  leflectiuii  coefficient  under- 
goes a major  change.  As  Fig.  2 indicates,  there  arc  two 
different  types  of  major  changes  In  R(k„).  The  first  type 
occurs  when  the  reflection  cocfficicnl  amplitude  undergoes 
a rapid  decrease  to  zero  while  the  phase  of  (he  reflection 
coefficient  undergoes  a phase  change  of  2rr  radians.  Thus, 
the  infinite  plane  waves  making  up  the  incident  beam 
undergo  an  amplitude  and  phase  change.  The  superposition 
of  the  reflected  infinite  plane  waves  makes  up  the  reflected 
Sound  field.  The  second  type  of  major  change  in  R(kj,) 
results  at  the  point  where  the  reflection  coefficient  ampli- 
tude remains  constant  and  the  phase  of  the  reflection 
coefficient  changes  by  approximately  2rr.  For  reasons  to  be 
explained  later,  the  first  type  of  change  will  be  referred  to 
a.s  a Lamb-type  change  and  the  second  type  will  be  called  a 
Raylclgli-typc  change.  Hence,  the  important  aspect  of  the 
reflection  coefficient  is  that  changes  in  the  reflection  profile 
are  caused  by  the  interference  of  the  reflected  infinite  plane 
waves  making  up  the  incident  beam,  each  of  which  is 
reflected  with  a different  amplitude  and  phase  shift. 


Hie  integral  in  (6)  has  been  evaluated^  by  using  a contour 
integration  in  complex  kx  space  and  the  residue  theorem. 
Thus,  the  solution  can  be  well  approximated  by  utilizing  the 
poles  and  zeroes  of  the  function  R[kx)  in  the  complex  kx 
plane.  An  analysis  of  the  reflection  coefficient  has  shown'’" 
that  the  zeroes  and  poles  exist  in  pairs,  and  the  types  of 
poles  can  be  categorized  in  terms  of  the  relationship  of  the 
zero  to  the  pole  in  the  complex  kx  plane.  One  type  of  pole 
zero  pair  has  the  pole  in  the  complex  plane  and  the  zero  on 
the  real  kx  axis,  thus  causing  the  zeroes  of  R {kx)  seen  in 
Fig.  2.  Since  the  teal  part  of  the  pole  location  is  related  to  a 
Lamb-mode  of  vibration  of  the  plate,"  this  pole  will  be 
called  a Lamb-type  pole  and  the  non-specular  reflection 
caused  by  the  zeto/pole  pair  will  be  called  a Lamb-type 
reflection.  The  second  type  of  zero/pole  pair  has  a pole  in 
the  cuiiiplex  kx  plane  and  a zero  at  the  mirror  image  across 
the  real  kx  axis.  The  teal  part  of  this  pole  is  related  to  a 
Rayleigh-mode  of  vibration  of  the  plate.  Thus,  it  will  be 
called  a Rayleigh-type  pole.  The  major  changes  of  the  reflec- 
tion coefficient  outlined  earlier  can  be  directly  related  to 
the  zero/pole  pairs.  It  should  be  noted  that  Fig.  2 indicates 


Flfl.  7 Modului  (tolld  llnatl  ind  phua  (dafhad  lintil  of  raflactlon 
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Fi9-  3 Lamb-type  refleciiuns  of  sound  Intensity  fur  various  values 
of  the  peremeter  h.  (After  Hef.  3) 


Experimental  considerations  and  the/>  parameter 

It  was  sliDwn  in  the  prcvimis  section  that  a non  siiccular 
reflection  effect  can  be  coniplctcly  described  by  a single 
paranictei  h.  An  analysis  uf  this  parameter  will  provide 
infnrnration  abtiitl  what  physical  situations  will  result  in 
non-spccular  rcflectiun  effects,  It  is  Importartt  to  realize 
that  the  knowledge  of  --  Rc(A;„)  Is  nut  sufficient 
inforinatiun  to  predict  a non-spccular  reflection,  since  the 
h paranreter  must  be  within  the  limits  of  0.05  < A <4. 
Geaily,  a prediction  of  a non-specular  reflection  involves  a 
knowledge  of  both  real  and  imaginary  parts  of  the  function 
sin  Op  where  sin  Op  ^ kpik.  An  analysis  of  the  pule  loca- 
tions of  the  icrieeted  cucfficient^  shows  that  the  pole  loca- 
tUm  is  a function  of  the  parameter  fil  where  /is  the  frequency 
andd  is  the  thickness  of  the  solid  plate.  Fig.  S shows  a typical 
case  for  the  location  of  the  real  parts  of  the  pule  locations 
as  a fiinctiun  of/c/  for  a brass  plate  in  water.  The  variable 
used  is  Re(sin  Op).  The  pole  trajectories  as  a functioi;  of  fd 
are  labelled  as  synrmetiic  or  antisymmetric  ntudes,  sittec 
each  pule  is  related  to  a possible  mode  of  vibration  of  the 


a major  distinction  between  the  types  of  non-spccular 
rericclion  effects  which  one  i:x|)ects  to  see.  For  Larnb-type 
reflections,  the  anrplitudes  of  the  inrinile  plane  waves 
decrease  upon  reflection,  due  to  transnrission  through  the 
plate.  However,  for  Rayleigh  type  reflections,  the  energy  is 
totally  reflected,  although  the  beam  loses  its  previous 
dcrinitiun  and  results  in  a nun-specular  reflection  proftlc. 

Theoretical  analyses  of  the  teflcction  profile  of  a Gaussian 
incident  beam  from  a liquid  onto  a solid  inrmitc  half-space' 
(L/S  interface)  and  for  a beam  incident  on  a solid  plate* 
(L/S/L  interface)  have  been  accomplished.  For  the  L/S 
interface,  it  has  been  found  that  the  relluction  coefficient 
has  only  one  significant  pole/zeio  pair  and  it  is  a Rayleigh- 
type  pole.  However,  for  the  1,/S/L  interface  case  (plate), 
lliere  exists  one  Rayleigh-lypc  pole  and  several  Lamb-type 
poles,  as  indicated  by  /{(/t„)  in  Fig.  2.  In  each  case,  the 
reflected  sound  field  for  kf  - Re(kp)  where  kp  is  a pole 
location  of  R(kj,),  can  be  parameterized  in  terms  of  a sin^o 
parameter,  h,  which  has  the  following  form: 

h = 2rrlV/lm(sin  flp)/(Fcos  0() 

= IV  lni(kp)/cos  0i  (7) 

where  kp  is  the  pole  location  (corresponding  to  the  sin  B 
value  in  Fig.  2 where  the  reflection  coefficient  undergoes  a 
major  change),  kp  - k sin  Op  - 2itf  sin  OpIV,  where  V 
is  the  velocity  of  the  sound  in  the  liquid.  Since  the  reflec- 
tion coefficient  undergoes  different  types  of  changes  for  the 
two  types  of  pules,  one  expects  different  types  of  beam 
profiles  (lamb-type  reflections  and  Rayleigh-type  reficctions). 
In  teems  of  the  parameter  h,  the  noii-specuIar  reflection 
effects  ate  shown  in  Figs  3 and  4 for  several  values  of  h. 

Tlie  primary  difference  between  the  two  types  of  non- 
specular  reflections  is  that  all  of  the  Incident  sound  energy 
is  reflected  for  the  Rayleigh-type  reflection,  while  a 
transmitted  sound  field  which  is  present  for  the  Lamb-type 
reflection  causes  a decrease  in  the  total  reflected  energy  as 
h increases.  It  can  be  seen  from  Figs  3 and  4 that  non- 
specular  lefleclion  rifects  occur  for  a range  of  h values  from 
h = 0.05  to  approximately  A = 4. 


• 'h 
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Fifl.  4 Royleish'tvpe  reflection  of  sound  intensity  for  various  values 
of  the  parameter  h,  calculated  after  Ref.  1 


Fig.  6 Real  pert  of  tin  at  a function  of  fd  for  a brass  plate  in 
Mate;'.  (After  Raf.  4) 
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Fl(j.  6 Imaginarv  poM  ot  lin  Op  for  wms  modes  of  vibration  of  a 
brass  plaie  iri  vl-jIbi  as  a f‘:i.cllci.  of  f«/  (After  Ref.  4) 


solid  plate.  Fig.  6 shows  the  imaginary  part  of  the  pole 
locatioits  for  tliicc  poles  as  a function  of  fti  for  a brass  plate 
in  water. 

As  fd  increases  (increasing  plate  thickness)  it  can  be  seen 
that  a definite  dilfcrence  develops  between  the  /.eroth  uidci 
poles  (F.aylcigh-inodc  pule)  and  the  other  pole  trajectories, 
in  that  lor  the  Rayleigh-mode  poles,  the  imaginary  part  of 
the  pole  location  is  constant  as  a function  of  fd,  while  for 
the  Lamb-mode  poles,  the  imaginary  part  of  the  pole  loca- 
tion decreases  for  increasing  values  of  fd.  Most  experimental 
work  on  laimb-typc  reflections  has  been  done  at  relatively 
small  fd  values  {fd  less  than  1 2 Mil/  mm).  However,  the 
results  shown  here  indicate  that  the  non-spccular  reflection 
effects  depend  only  on  the  parameter  ft.  Thus,  even  for 
large  fd  values,  a non-spccular  reflection  effect  could  be 
possible  if  fi  were  greater  than  0.05.  If  Irn(sindp)  decreases 
with  inercasing/y,  the  value  of /must  be  large  to  see  a non- 
spccular  reflection  effect.  Hence  I^arnb-typc  non-spcculat 
reflection  effects  arc  generally  observable  for  large  fd  values 
when  higli  fre(|uencies  and  thin  plates  are  used.  Ihus,  the 
use  of  tliin  plates  has  been  associated  with  the  presence  of 
Lanrb-type  non-speculai  reflections,  although  the  exact 
definition  of  ‘tirin'  remains  ambiguous. 

A second  aspect  of  the  analysis  of  reflections  from  an  L/S/L 
interface  involves  the  connection  between  the  L/3  and 
L/S/L  interface  cases.  As  mentioned  previously,  when  an 
analysis  of  the  L/S  (half-space)  reflection  is  undertaken,'’* 
it  is  found  that  only  one  pole,  the  Rayleigh  pole,  is  found. 


1hiis,an  infinite  half-space  would  produce  no  lamh-typc 
reflcctioiu.  Since  the  Inmb-typc  rcncclioiis  aic  governed  by 
the  paramctei  h,  if  h is  very  small,  no  Iamb-type  reflections 
will  be  seen.  However,  fiom  the  fact  that  Im  (sin  Op)  gen- 
erally decreases  as/t/  increases  il  should  not  be  erroneously 
iniciprelcd  tliat  h can  be  assumed  sittall,  because  for  large/ 
values.  It  could  be  appreciably  large  even  thougli  fd  is  large. 

A recent  study’  has  shown  that  Lamb-type  leflcctions  can 
be  seen  at  fd  values  of  at  least  35  MHz  mm  when  the  plate 
thickness  could  generally  be  coii  h-'ered  large.  For  example, 
for  a glass  plate  in  water,  for  fd  ■ JO  MHz  mm,  there  ate 
Lamb-type  poles  with  Im  (sin  Op)  values  of  approxiiiutcly 
0.002.  For  / - 3 MHz  and  d - 10  mtn  (a  thick  plate), 
tills  would  result  in  an  h value  of  0.24  when  W - 9.5  mm. 
Although  this  plate  thickncs.s  would  generally  be  consideted 
to  be  sufficient  to  assume  that  the  plat'e  would  act  as  an 
inrmite  half-space,  it  is  clear  thal  Lamb-type  reflections  are 
present, 'I  hcrcfoic,  it  is  seen  that  the  use  of  a ‘thick’  solid 
plate  to  approximate  an  infinite  half-space  is  not  sufficient 
for  excluding  lamb-type  reflections. 

It  should  be  noted  thal  the  pole  locations  for  most  metals 
which  have  been  considered  show  that  Im(sin  Op)  for /If 
greater  than  20  MHz  nun  is  less  than  0.0008.  Tlierefore,  for 
most  metals,  wlicn  frequencies  under  10  MHz  arc  used,  h 
will  be  less  than  C.OS  so  that  no  Lamb-type  reflections  will 
be  observed..  Since  Im  (sin  Op)  corresponding  to  a 
Kaylcigh-typc  pole  is  constant  as  fd  increases,  the  single 
Raylcigh-lypc  non-spccular  reflection  will  be  seen.  Thus, 
under  certain  conditions,  large  fd  values  do  allow  a ‘thick’ 
plate  to  be  used  as  an  approximation  to  an  infinite  half-space, 
althougl)  a prior  knowledge  about  the  locations  of  the  poles 
of  the  icflcctioii  coefficient  is  necessary  to  nriK  ’ the  pre- 
diction of  the  accuracy  of  the  assumptions  used. 

Acknowledgement 

This  work  was  supported  by  the  Office  of  Navjl  Research, 

US  Navy. 

References 

1 Bertoni,  H.l,.,  Tamir,  T. /1/7p/ fViyj  2 (1973)  157 

2 Ploiu,  T.J.,  Pitts,  I..F..,inJ  Mayer,  W.G.  2/1, f/t  59  (1976)  1324 

3 Pills,  L.K.,  Fiona, T.J.  and  Mayer,  W.G.  IHHF  Tram  Soniesand 
Ultras  24  (1977)  101 

4 Pitts,  L.E.,  Fiona, T.J.,anJ  Mayer,  W.G.  2/15/1  60  (1976)  374 

5 BBhjavesh.M.  lobe  publishetl  Ptoe  9th  ICA  (1977) 


ULTRASONICS  . SEPTEMBER  1977 


204 


9 INTERNATIONAL  CONGRESS  ON  ACOUSTICS 

AAAOMD  4l9-'^i.t977 


N 

39 


NONLINEARITIES  IN  LAMB  WAVES 


Brow«r,  N,  6.  Rhysica  Oapartmant,  Oeorgaiown  Univarsliy 

Mayar,  W.G.  Washington,  O.  C.  20057 


INTKODUCTION 


Tha  aquation*  of  aotlon  baeona  nonllnaar  for  flnlea  amplltuda  Lamb  modat  propagating 
In  Itotroplc  plats*.  Hanca,  aoda  Intaractlon*  avsy  occur.  Two  such  Interaction*  are 
the  Laob  Mods  thraa-^phonon  Interaction  and  Laodi  nods  second  harmonic  ganaratlon. 
These  two  Intaractlon*  are  Investigated  oKparlmentally. 


THEORETICAL  BASES 


Tha  nonlinear  aquation*  of  motion  for  an  Isotropic  plate  yield  criteria  for  and  char- 
actarlstfcs  of  -the  ganarstad  waves.  Specifically,  sufficient  conditions  for. genera-' 
ting  third  phonons  are 

-3  ““I****  and  “3  *^1*4 

tdtara  u and  k are  the  angular  frequencies  and  wav*  vectors  of  the  Lamb  modes, 
generated  third  mode  hat  an  amplitude 


(1) 

The 


Vo 


where  A.  and  B are  the  asqilltudet  of  tha  generating  (pum|f  modes. 

A necaita^  condition  for  Lamb  mode  second  harmonic  generation  Is 


Vj-Wi 


(2) 


(3) 


where  V.  and  V,  are  the  valocltla*  of  the  fundamental  and  tha  second  harmonic  Lamb 
mode.  A'generaCad  second  harmonic  hat  an  amplitude 

A - (A,)S  , (k) 

whora'A|  It  tha  emplltuda  of  the  fundamantal  and  n It  the  propagation  distance. 

EXPERI MENTAL  TECHNIQUES 


The  criteria  for  ganaratlon, cqt.  I and  3,  are  used  to  sat  up  the  pump  modes  for  the 
two  interactions.  The  staan*  of  dstcction  of  possible  genaratad  sndas  I*  an  optical 
probe  where  a laser  beam  Interacts  with  plate  modes  to  yield  a light  ref lectlon/dl ff- 
rsctlon  pattern  (I).  The  velocity  and  frequency  of  tha  constituent  LaeA  mode*  may  be 
obtained  from  this  pattern.  If  hanaonics  are  present,  the  diffraction  pattern  Is 
asymmetric  (2).  Further,  If  a third  phonon  Is  generated,  than  a third  diffraction 
pattern  Is  present. 

RESULTS 


In  the  second  harmonic  experiment,  an  asymmetric  light  diffraction  pattern  Is  ob- 
served. Further,  the  asymmetry  Increases  with  propagation  distance,  x.  This  affect 
1*  predicted  by  *q.  k for  a generated  Lamb  sactmd  harmonic.  Thus  harmonic  genera- 
\ tion  In  Lamb  modes  Is' observed. 

In  the  three-phonon  Interaction  experiment,  a third  diffraction  pattern  Is.  . 
detected.  The  Lamb  nod*  which  creates  the  pattern  has  a velocity  and  frequency 
tdtich  corresponds  to  the  calculated  values  for  a third  phonon.  Further,  the  ampli- 
tude of  this  Las*  mode,  as  given  by  eq.  2,  Is  measured.  Hence  the  three-phonon 
Interaction  Is  observed  for  plat*  modes. 
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Nonspecular  Ultrasonic  Reflection  From  Thick  Solid  Plates 
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ABSTRAa 


Nonspecular  reflection  of  an  ultrasonic  bounded  beam  from  thick 
plates  In  water  are  observed,  it  Is  shown  that  the  reflected  beam 
profile  does  not  only  depend  bn  the  product  frequency  of  the  ultra- 
sound times  plate  thickness,  among  other  parameters,  but  also  on 
the  frequency  alone.  Furthermore,  results  Indicate  that  a thick 
plate  may  not  be  a valid  approximation  of  an  Infinite  halfspace  as 
has  been  coninonly  assumed. 
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INTRODUCTION 


VAien  a bouncUtd  ultrasonic  beam  is  incident  onto  a solid  plate  imnersed 

in  a liquid  there  are  a nuoiber  of  angles  of  Incidence,  called  the  Lamb  angles, 

6^,  at  which  nonspecuiar  reflected  beam  effects  are  observed.^  An  ultrasonic 

beam  Incident  at  these  angles  satisfies  the  conditions  under  which  vibrational 

inodes  of  the  plate  (Lamb  inodes)  are  excited.  These  nonspecuiar  effects  at  such 

a liquid/solid-plate/llquid  Interface  (L/S/L)  are  similar  to  the  ones  observed 

at  a llquid/solld  (L/S)  Interface,  where  the  reflected  beam  may  become  much 

wider  than  the  Incident  beam  or  may  have  an  intensity  profile  quite  different 
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from  that  of  the  incident  beam  . These  nonspecuiar  reflections  occur  on  an 
L/$  Interface  at  only  one  angle  of  Incidence,  the  Rayleigh  angle,  Both 

the  L/S^  and  L/S/L^  cases  have  been  treated  theoretically. 

Experimental  observation  of  nonspecuiar  effects  of  the  L/S/L  case  have 
been  confined  to  a small  range  of  values  of  fd  (the  product  of  frequency  of  the 
ultrasonic  beam  and  plate  thickness),  >1  <fd  <lk  (MHz. mm).  It  had  been 
generally  accepted  that  as  one  goes  to  higher  values  of  fd.  It  is  no  longer 
possible  to  observe  all  of  the  predicted  vibrational  modes  of  the  plate.  In 
this  case  d becomes  large  enough  so  that  in  the  limit  L/5/L  L/S  and  this 
infinite  halfspace  interface  supports  only  one  mode  of  vibration  - the  Rayleigh 
mode. 

However,  the  theoretical  investigation  of  the  L/S/L  case,  predicts  that 
for  incidence  at  the  Lamb  angle,  the  profile  of  the  reflected  beam  depends 
not  only  on  fd  but  elso  on  f alone. 

The  purpose  of  this  paper  Is  to  give  experimental  evidence  that:  (1)  the 
nonspecuiar  reflected  beam  effects  arc  present  at  larger  values  of  fd  than  had 
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been  observed  before,  and  (2)  the  reflected  bean  profile  doos  Indeed  depend 
on  the  freqtwnoy  of  the  incident  ultrasound. 

THEORETICAL  CONSIDERATIONS 

Nonspecular  reflection  effects  of  L/S/L  Interface  can  be  described  In 
terms  of  poles  and  zeroes  of  the  infinite  plane  wave  amplitude  reflection 
coefficient^.  The  real  part  of  the  pule  location  Is  related  to  the  angles  of 
incidence  at  which  Lamb  waves  a'-e  generated  on  the  plate,  6^  Re(ep).  These 
angles  can  be  expressed  as  function  of  the  prouuct  fd. 

The  Imaginary  part  of  the  pole  locatior,  Im  slnO^,  Is  related  to  a 
parameter  h defined  as 

h - (Sm  sln6^)  (2iifw^/V)  , 

where  ■ W/cos0^  and  W Is  half  of  the  incident  beam  width;  V Is  the  sonic 
velocity  In  the  liquid.  The  paranMter  h determines  the  profile  of  the  reflected 
beam  and  hence  can  be  used  to  predict  whether  or  not  nonspecular  effects  are 
observable^ . 

The  nonspecular  reflected  beam  effects  are  readily  observable  for  a 
certain  range  of  the  h parameter,  0.1  <h  <3.  For  most  solMs  the  value  of 
Im  sInBp  Is  very  small  and  therefore  wide  beams  and/or  high  frequencies  are 
needed  to  have  an  h value  which  Is  within  this  range.  Calculations  show  that 
fo-r  glass  the  value  of  Im  Is  rather  large  that  even  for  a ralatlvaly  . .. 

narrow  beam  (19  mm  width)  and  frequencies  of  the  order  of  a HHz,  the  value 
of  h is  large  enough  to  render  the  nonspecular  effects  observable.  This  has 
led  to  the  selection  of  glas-s  as  the  ma  tori  a I to  be  Investigated  In  this  paper. 

Due  to  the  dependence  of  the  reflected  beam  profile  on  the  parameter  h, 
one  notes  that  for  a particular  Lamb  mode  of  the  plate,  l.e.  for  a given  fd 
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and  0^,  one  can  change  the  h parameter  (and  thus  the  reflected  beam  profile) 
by  changing  f.  If  this  change  In  f Is  accompanied  by  the  appropriate  change 
In  d,  the  product  fd  will  remain  unchanged.  It  should  be  noted  that  the  value 

of  tm  sine  remains  constant  for  a constant  fd  at  a particular  Lamb  ii.ode. 

P 

It  is  often  assumed  that  for  large  values  of  fd  the  L/S/L  case  Is 
essentially  identical  to  the  L/S  halfspace.  In  fact  In  all  of  the  experimental 
results  dealing  with  the  L/S  case,  a thick  plate  has  been  used  as  a valid 
approximation  of  an  Infinite  halspace.  However,  observe  that  even  for  a 15  nn 
thick  plate  one  cannot  assume  that  the  only  mode  of  vibration  Is  the  Rayleigh 
mode.  Indicating  that  the  halfspace  approximation  may  not  be  reliable. 

EXPERIMENT  AMD  RESULTS 

The  experiment  Is  done  uses  3x3  Inch  square  samples  of  glass  of  different 
thicknesses.  The  shear  and  longitudinal  velocities  of  the  glass  used  are 
3^^5  m/sec  and  5775  m/sec  respectively.  The  density  of  the  samples  is  2.k3  gr/ern^. 
The  samples  are  Immersed  In  water  and  quartz  transducers  are  used  to  generate 
bounded  ultrasonic  beams  of  19  mm  width  at  frequencies  of  2.9  and  16  MHz. 

Schlleren  techniques  are  used  to  observe  and  photograph  the  reflected  beam 
profiles.  Nonspecular  effects  are  observed  when  the  angle  of  Incidence  corresponds 
to  one  of  the  Lamb  angles,  of  the  glass  plate. 

Figures  1 and  2 are  representative  Schlleren  photographs  of  the  nonspecular 
reflected  beam  effects  that  are  observed  when  fd  » 35.5  MHz. mm.  Each  figure 
represents  a particular  vibrational  mode  of  the  glass  plate  for  a fixed  fd,  hut 
for  different  Lamb  angle:  , 6^.  Part  (a)  In  each  figure  corresponds  to  a frequency 
of  2.9  MHz  while  part  (b)  corresponds  to  a frequency  of  16  i'ilz. 

The  results  clearly  show  that  the  nonspecular  reflected  beam  effects  are 


present  even  for  the  relatively  high  value  of  fd.  Comparing  parts  (a)  and  (b) 
In  each  figure,  for  the  particular  Lamb  mode  that  It  represents,  one  notices 
that  the  profile  of  the  reflected  beam  changes  markedly  with  frequency  as 
predicted  by  the  theory. 

o 

The  theoretical  description  of  the  beam  profile  contains  considerations 
of  specific  poles  of  the  reflection  coefficient.  Theory  predicts  that  at  high 
frequencies,  l6  MHz  as  used  In  this  experiment,  the  reflected  beam  profile  Is 
affected  by  a single  pole,  whereas  at  the  low  frequency  of  2.9  MHz  more  than 
one  pole  contributes  to  the  reflected  beam  profile.  Since  the  existing  theory 
Is  based  on  an  h-parameter  defined  for  a single  pole  contribution,  one  notes 
that  the  predictions  of  the  reflected  beam  profile,  as  provided  by  the  value  of 
the  h-parameter.  Is  valid  only  when  the  contribution  comes  from  a single  pole, 
as  in  part  (b)  of  each  figure.  In  the  case  of  low  frequencies  more  than  one 
pole  contributes,  and  the  multiple  Intensity  peaks  and  the  wide  trallinp  field 
of  the  part  (a)  In  each  figure  cannot  be  explained  by  the  h-parameter . These 
facts  are  in  agreement  with  the  experimental  results  that  are  observjd. 


COIICLUSiOri 

Nonspecular  reflected  beam  effects  are  observed  from  a glass  plate  Immersed 
in  water  at  an  fd  « 35.5  MHz. mm,  a result  indicating  that  even  for  this  high  value 
of  fd  one  does  not  approach  the  configuration  of  an  L/S  halfspace,  and  that  the 
Lamb  modes  of  vibration  are  still  present  and  observable. 

For  a given  vibrational  mode  of  the  plate  material  the  intensity  profile 
of  the  reflected  beam  does  depend  on  the  frequency  of  the  incident  sound  as 
predicted  by  theory. 
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FIGURE  CAPTIONS 


• 

Figure  1.  Schlleren  photographs  of  the  nonspecular  reflected  beam  effects 
at  water/g lass-pi  ate/water  Interface  for  fd  ■ 35*5  HHz.mm. 

(a)  f - 2.9  MHz,  d - 12.25  mm.  (b)  f - 16  HHz,  d - 2.22  nan. 
Sound  Is  Incident  from  the  upper  left  side  of  the  picture. 

Figure  2.  Schlleren  photographs  of  the  nonspecular  reflected  beam  effects 
at  water/glass-plate/water  Interface  for  fd  ■ 35«5  HHz.mm. 

(a)  f - 2.9  MHz,  d - U.25  nm.  (b)  f - 16  HHz,  d - 2.22  inn. 
Sound  Is  incident  from  the  upper  left  side  of  the  picture. 


